Complete replication of the genome is an essential prerequisite for normal cell division, but a variety of factors can block the replisome, triggering replication stress and potentially causing mutation or cell death. The cellular response to replication stress involves recruitment of proteins to stabilize the replication fork and transmit a stress signal to pause the cell cycle and allow fork restart. We find that the ubiquitously expressed DNA damage response factor 53BP1 is required for the normal response to replication stress. Using primary, ex vivo B cells, we showed that a population of 53BP1 Ϫ/Ϫ cells in early S phase is hypersensitive to short-term exposure to three different agents that induce replication stress. 53BP1 localizes to a subset of replication forks following induced replication stress, and an absence of 53BP1 leads to defective ATR-Chk1-p53 signaling and caspase 3-mediated cell death. Nascent replicated DNA additionally undergoes degradation in 53BP1 Ϫ/Ϫ cells. These results show that 53BP1 plays an important role in protecting replication forks during the cellular response to replication stress, in addition to the previously characterized role of 53BP1 in DNA double-strand break repair.
helps protect newly synthesized DNA tracts from exonucleolytic digestion (10, 11) . Many of these responses to replication stress are orchestrated by the kinase ATR (ataxia telangiectasia related) (12) . ATR kinase is recruited to RPA at single-stranded DNA regions at stalled replication forks, along with its binding partner, ATRIP. ATR activity becomes active upon association with either TopBP1 or ETAA1, whereupon it phosphorylates multiple targets, including replisome components and the variant histone H2AX (13) . Phosphorylated H2AX-Ser139 (␥-H2AX) helps recruit RAD51, which protects the stalled fork and assists with fork restart (14) . Another key target of ATR activity is the checkpoint kinase Chk1. Activation of Chk1 is responsible for mediating a substantial subset of the downstream effects of ATR, including fork stabilization and enforcement of the S-phase checkpoint (15) . The importance of ATR and Chk1 for normal replication is demonstrated by the high levels of chromosome instability and reduced cell viability observed when either of these factors is mutated or inhibited (16) (17) (18) (19) . Consequently, anything that contributes to ATR-Chk1 signaling is likely to have relevance for protecting the cell against replication stress.
The DNA damage response factor 53BP1 is a nuclear protein that has been implicated in the response to replication stress. 53BP1 was originally identified through a yeast two-hybrid screen as a binding partner of p53 (20) . Studies on knockout mice subsequently suggested that 53BP1 acts during DNA double-strand break repair (21, 22) . We found that deletion of 53BP1 rescues embryonic lethality and genomic instability in BRCA1-deficient mice (23, 24) . This finding demonstrated that 53BP1 is a critically important regulator of the DNA damage response when BRCA1 is absent or mutated but does not fully explain the normal cellular function of 53BP1. 53BP1 regulates at least two separate cellular processes, specifically, double-strand break resection and class switch recombination at the immunoglobulin heavy chain locus in B lymphocytes. These processes are mediated through the formation of complexes involving 53BP1 and its downstream effectors, RIF1 and PTIP (25, 26) . Several lines of evidence indicate that 53BP1 may also act in controlling the response to replication stress. Large nuclear bodies staining positively for 53BP1 appear in G 1 -phase cells, and the number of these nuclear bodies increases after treatment to induce replication stress (27, 28) . 53BP1 colocalizes with p53 at sites of hydroxyurea (HU)-induced replication fork stalling (29) and is essential for normal p53 signaling (30) .
We therefore set out to test whether 53BP1 impacts cell survival after replication stress. We found that B cells isolated from the spleens of 53BP1 Ϫ/Ϫ mice show consistently reduced survival following HU treatment. A population of 53BP1 Ϫ/Ϫ cells in early S phase showed persistent stress signaling after replication stress, and hyperactivation of caspase 3 was evident. These markers of cellular stress correlated with deficient activation of Chk1 and p53 and increased degradation of nascent DNA tracts at replication forks. 53BP1 was therefore revealed as a key regulator of the response to replication stress in mammalian cells, through its ability to activate the ATR-Chk1 signaling pathway at stalled forks.
RESULTS
Increased cell death following replication stress in 53BP1 ؊/؊ B cells. To test if 53BP1 is required for the normal cellular response to replication stress, we cultured primary B lymphocytes isolated from the spleens of wild-type (WT) and 53BP1 Ϫ/Ϫ mice in vitro for 24 h and then added hydroxyurea (HU) for 3 h to induce replication fork stalling. This duration of HU exposure was selected because it causes replication fork stalling, but fork collapse and the widespread appearance of double-strand breaks take place only after HU treatments of 12 h or more or with inactivation of ATR (9, 31) . We measured cell viability 18 h and 24 h after removal of HU ( Fig. 1A and B ). WT cells showed a small decrease in viability following HU treatment, but 53BP1 Ϫ/Ϫ cells showed a significantly greater decline in viability. We also measured the viability of WT and 53BP1 Ϫ/Ϫ B cells following short-term exposure to the DNA polymerase inhibitor aphidicolin or the replication chain terminator gemcitabine ( Fig. 1C to E). In each case, 53BP1 Ϫ/Ϫ cells showed increased death relative to that of the WT cells, consistent with a role for 53BP1 in protecting cells from the effects of replication stress.
To test if 53BP1 deficiency also causes increased cell death following replication stress in immortalized cell lines, we performed clonogenic colony formation assays to measure cell growth following hydroxyurea treatment. First we introduced constructs containing either a 53BP1 cDNA (53BP1 ΔBRCT ) (32) or a green fluorescent protein (GFP)-only vector into 53BP1 Ϫ/Ϫ mouse embryonic fibroblasts (MEFs) ( Fig. 1F ). MEFs complemented with the 53BP1 expression construct grew at a rate equivalent to that of the control vector, indicating that the presence of 53BP1 does not have a strong effect on growth after replication stress in immortalized cell lines. As a second test, we knocked down 53BP1 in WT MEFs using short hairpin RNA (shRNA) (Fig. 1G ). Cells expressing sh53BP1 showed growth similar to that of cells expressing a control shGFP, again suggesting that the impact of 53BP1 on cell growth after replication stress is relevant only in primary B cell populations and not in MEFs.
53BP1 ؊/؊ cells show a defect in S-phase progression following replication stress. To investigate why 53BP1 Ϫ/Ϫ B cells are hypersensitive to replication stress, we looked for an increase in apoptosis induced by hydroxyurea treatment. 53BP1 Ϫ/Ϫ cells showed a slight increase in subdiploid DNA content, corresponding to treatmentinduced cell death or apoptosis, immediately after HU treatment ( Fig. 2A and B) . This difference is not sustained at 6 h posttreatment, however, and is too small to account for the difference in cell viability we had previously observed ( Fig. 1 ). Measurements of caspase activity in the hours following HU treatment showed no difference between WT and 53BP1 Ϫ/Ϫ B cells ( Fig. 2C and D), suggesting that differences in cell viability must arise by some process other than immediate apoptosis induced by HU treatment.
As replication stress impacts S-phase cells, we tested how hydroxyurea treatment affected the progression of S-phase cells from WT and 53BP1 Ϫ/Ϫ mice. Activated B cells were pulsed with the nucleoside analog 5-ethynyl-2-deoxyuridine (EdU) to allow detection of S-phase cells by flow cytometry ( Fig. 2E and F). Although WT and 53BP1 Ϫ/Ϫ cells initially showed equivalent cell cycle profiles, 53BP1 Ϫ/Ϫ cells showed an increased proportion of cells in early S phase 6 h after treatment with hydroxyurea. This result suggests that 53BP1 Ϫ/Ϫ cells have a deficiency in S-phase progression after replication stress. To further characterize this deficiency, we measured levels of ␥-H2AX in B cells following treatment with HU ( Fig. 2G and H). Phosphorylation of H2AX to form ␥-H2AX is a characteristic chromatin response during replication stress (13) . Both WT and 53BP1 Ϫ/Ϫ cells showed a strong initial induction of ␥-H2AX after HU treatment. In WT cells, the ␥-H2AX signal mostly disappeared from early-S-phase cells 6 h after HU treatment, but the stress signal persisted in 53BP1 Ϫ/Ϫ cells, consistent with a failure to recover from the effects of replication stress.
Defective ATR kinase signaling leads to caspase 3-mediated apoptosis in 53BP1 ؊/؊ cells after replication stress. 53BP1 contributes to DNA damage signaling at DNA double-strand breaks by supporting ATM-mediated phosphorylation of Chk2, which triggers the DNA damage response, cell cycle checkpoint activation, and potentially apoptosis (22, 33, 34) . We hypothesized that 53BP1 may also contribute to damage signaling under conditions of replication stress, which proceeds through ATR-mediated phosphorylation of Chk1 (12) . We therefore measured levels of phosphorylated Chk1 in WT and 53BP1 Ϫ/Ϫ cells after HU treatment. As expected, HU treatment strongly induced Chk1 phosphorylation in WT cells, dependent on ATR activity (Fig. 3A ). Chk1 phosphorylation was substantially reduced in 53BP1 Ϫ/Ϫ cells after HU treatment, indicating that 53BP1 is essential for normal signaling of replication fork stalling. RPA2-Ser33 is also a target for ATR activity, so we also measured levels of phosphorylated RPA-Ser33 in WT and 53BP1 Ϫ/Ϫ cells following HU treatment ( Fig. 3B ). Although RPA-Ser33 phosphorylation is marginally lower in 53BP1 Ϫ/Ϫ cells than in WT cells following HU treatment, the difference was very slight compared to what we observed with Chk1-pSer345 phosphorylation. These results indicate that 53BP1 modulates the activity of ATR on a subset of its potential targets.
The tumor suppressor p53 is a major regulator of cell survival and apoptosis following stress (35, 36) . HU treatment caused stabilization and phosphorylation of p53 in WT B cells ( Fig. 3C and D). As with Chk1 activation, p53 activation was deficient in 53BP1 Ϫ/Ϫ cells relative to that in WT cells after HU treatment. Consistent with the increased death observed in 53BP1 Ϫ/Ϫ cells after HU treatment, we additionally Fig. 3E ). Similar activation of caspase 3 has previously been shown to correlate with death in cells treated with Chk1 inhibitors during replication stress (37) .
DNA damage can be signaled through the kinases ATM and DNA-dependent protein kinase (DNA-PK) in addition to ATR (38), so we measured the level of phosphorylation Her et al.
Molecular and Cellular Biology of substrates of these kinases to see if they may contribute to differences in survival of WT and 53BP1 Ϫ/Ϫ cells following HU treatment. We found that the presence of 53BP1 does not affect the rate of phosphorylation of the ATM substrate Kap1-Ser824 following HU treatment ( Fig. 4A ). 53BP1 has previously been shown to modulate ATM signaling in response to double-strand breaks (22) . This phenotype does not appear to be relevant with the short-term hydroxyurea treatment that we used, which does not induce measurable double-strand breakage ( Fig. 4B and C) (39) . We found, however, that phosphorylation of RPA-Ser4/8, a target of DNA-PK, was reduced in 53BP1 Ϫ/Ϫ cells relative to that in the WT after HU treatment, suggesting that 53BP1 may promote activation of two stress signaling pathways based on ATR and DNA-PK ( Fig. 4D and E). 53BP1 interacts with p53, and this interaction mediates p53 activation (30) . p53 has additionally been reported to mediate replication fork stability under certain circumstances (35, 36) . We therefore tested whether the 53BP1-p53 interaction is important for mediating recovery from replication stress. We found much less HU hypersensitivity in 53BP1 Ϫ/Ϫ p53 Ϫ/Ϫ double-knockout cells than in 53BP1 Ϫ/Ϫ p53 ϩ/ϩ cells ( Fig. 5A ). Codeletion of 53BP1 does not impact cell survival after HU treatment in p53 Ϫ/Ϫ cells, even though Chk1-Ser345 phosphorylation is lower than in p53 Ϫ/Ϫ cells (Fig. 5B ). We conclude that the 53BP1-p53 interaction does not increase cell survival after replication stress under the conditions we used and that p53 contributes to cell death after HU treatment in 53BP1 Ϫ/Ϫ cells.
53BP1 is recruited to a subset of replication forks under conditions of replication stress. To test if 53BP1 is present at replication forks, we used isolation of proteins on nascent DNA (iPOND) (7, 40) to enrich for proteins at replication forks under normal conditions and after replication stress (Fig. 6A ). The enrichment of cellular factors at replication forks was quantified using mass spectrometry. After hydroxyurea treatment, there was substantial enrichment of TopBP1 and ATR at replication forks, both of which have known roles in signaling the presence of replication stress ( Fig. 6B ; see also Tables S1 and S2 in the supplemental material) (12) . PCNA was lost from the replication fork after HU treatment, consistent with unloading of PCNA after fork stalling as has previously been reported (5, 6) . Significantly, 53BP1 was substantially enriched at nascent DNA following HU treatment, indicating that it is recruited to replication forks during conditions of replication stress. We next used immunofluorescence microscopy to investigate the subnuclear localization of 53BP1 after induction of replication stress. Replication forks were identified in fixed B cells by staining for RPA, which binds single-stranded regions of DNA that are exposed by the replicative helicases during S phase. To identify S-phase cells, we applied a pulse of EdU prior to fixation to allow us to label cells that were actively undergoing DNA replication. In untreated cells, we were able to identify a population of S-phase cells with nuclear foci of RPA and EdU staining ( Fig. 6C ). There was relatively little colocalization between nuclear foci of 53BP1 and RPA in untreated cells (median colocalization rate ϭ 2.2%). Following treatment of the cells with hydroxyurea, a large number of small 53BP1 foci formed in RPA ϩ cells, as has previously been reported (29) (Fig. 6D ). The extent of colocalization of these 53BP1 foci with RPA was variable, with a median colocalization rate of 7.47%. This difference was nonetheless extremely statistically significant (P Ͻ 0.00001, two-tailed Mann-Whitney U test) ( Fig. 4C) . Notably, the degree of colocalization of 53BP1 with RPA was very high in a subset of EdU ϩ RPA ϩ cells. As a comparison, we performed the same colocalization analysis between RPA and TopBP1, which has a well-characterized role in activation of ATR signaling at stalled replication forks. TopBP1 showed substantially greater colocalization with RPA than was the case with 53BP1 (median colocalization rate ϭ 31.57%). These results suggest that whereas TopBP1 is a key signaling component at stalled replication forks, 53BP1 is recruited to a subset of stalled forks.
Using primary B cells from WT and 53BP1 Ϫ/Ϫ mice, we next repeated our iPOND experiments to test if 53BP1 affects recruitment of stress signaling or repair factors to replication forks after HU treatment. We hypothesized that components of the ATR-Chk1 signaling apparatus would be reduced at the replication fork in 53BP1 Ϫ/Ϫ cells relative to the case with WT cells after HU treatment, accounting for the observed reduction in Chk1 activation (Fig. 3A) . Surprisingly, the levels of ATR at stalled forks were not different between B cells from WT and 53BP1 Ϫ/Ϫ mice (Fig. 6F ). Proteins involved in activation of ATR, including TopBP1, ATRIP, and Timeless, were also present at equivalent levels in WT and 53BP1 Ϫ/Ϫ cells. These results suggest that 53BP1 does not affect the assembly or activation of ATR at stalled forks but may potentiate its ability to phosphorylate downstream targets such as Chk1. The Fanconi anemia protein FANCI was among the small number of proteins that showed a significant increase at stalled forks in 53BP1 Ϫ/Ϫ cells relative to the value in WT cells. Both FANCI and FANCD2 showed increased abundance at stalled forks in each of four iPOND experiments, but FANCI was the only one that rose to the level of statistical significance. Notably, FANCI has been implicated in the response to replication stress (41) .
53BP1 deficiency compromises the stability of nascent DNA at replication forks under stress conditions. To further investigate the mechanism by which 53BP1 might regulate cell viability after replication stress, we used the DNA fiber assay to measure the stability of newly replicated DNA in WT and 53BP1 Ϫ/Ϫ cells ( Fig. 7A to D). 53BP1 Ϫ/Ϫ cells showed a significant decrease in stability of the nascent replication tract following HU treatment. Despite this defect in fork protection in 53BP1 Ϫ/Ϫ cells, replication forks appeared to restart normally in cells that lacked 53BP1 ( Fig. 7E and F) . This result indicates that 53BP1 is necessary to maintain newly replicated DNA after fork stalling and suggests that cell death under conditions of replication stress in 53BP1 Ϫ/Ϫ cells arises at least in part as a consequence of deprotection of replication forks. Defects in fork protection have additionally been reported for cells deficient in members of the Fanconi anemia pathway, including BRCA2, or in cells lacking BRCA1, BOD1L, WRNIP, or Abro1 (39, (42) (43) (44) (45) (46) . The nucleases Mre11 and Exo1 have been proposed to mediate degradation of nascent replication tracts in several of these genotypes. We therefore tested if these nucleases were relevant for fork degradation in 53BP1 Ϫ/Ϫ cells. Mirin, an inihibitor of Mre11 nuclease activity, produced a highly statistically significant rescue of fork degradation in 53BP1 Ϫ/Ϫ cells, supporting the idea that Mre11 targets newly replicated DNA in the absence of 53BP1 (Fig. 8A ). Conversely, we did not find a difference in fork protection in 53BP1 Ϫ/Ϫ Exo1 Ϫ/Ϫ double-knockout B cells relative to that in 53BP1 Ϫ/Ϫ cells, indicating that Exo1 is of lesser importance for fork degradation under these conditions (Fig. 8B) .
DISCUSSION
Most studies on 53BP1 in the maintenance of genomic integrity have focused on its role in DNA double-strand break (DSB) repair (47) . DSBs are signaled by the kinases ATM, ATR, and DNA-PK, which phosphorylate the variant histone H2AX to form ␥-H2AX at a chromatin domain around the site of damage. ␥-H2AX is a chromatin marker for DNA damage that triggers recruitment of additional DNA damage response factors, including the E3 ubiquitin ligases RNF8 and RNF168 (48) . RNF168-mediated ubiquitylation of H2A creates a binding site for the 53BP1 ubiquitination-dependent recruitment (UDR) motif (49) . This interaction, along with association of the 53BP1 Tudor domain with the ubiquitous H4-K20-Me 2 , allows 53BP1 to make a stable association with chromatin at damage sites. As is the case with DSB signaling, H2AX is phosphorylated in response to replication stress (13) . RNF8 and RNF168 also become active under conditions of replication stress, as shown by their ubiquitylation of BLM after HU treatment (50) . HU treatment also produces multiple nuclear foci of FK2 antibody staining, consistent with replication stress signaling by E3 ubiquitin ligases. 53BP1 may therefore be recruited to sites of replication stress by equivalent mechanisms to those operating in response to DSBs. Studies on 53BP1 in the early 2000s indicated that it had a role in transmitting an ATR-dependent signal for replication stress and in enforcing an intra-S checkpoint following ionizing radiation-induced DNA damage (29, 34) . Immunoprecipitation results further showed that overexpressed 53BP1 interacts with RPA (51) . 53BP1 also mediates ATM-dependent signaling, however, and studies on 53BP1 Ϫ/Ϫ knockout mice supported the idea that 53BP1 acts downstream of ATM in the response to ionizing radiation and in class switch recombination in B cells (21, 22, 33, 52, 53) . Our findings demonstrate that 53BP1 plays an important role in both ATMand ATR-mediated DNA damage responses.
Our iPOND results are consistent with and extend those of Dungrawala et al., who performed a quantitative proteomic analysis which revealed that 53BP1 was one of a group of factors that become enriched at replication forks following hydroxyurea treatment (7) . An earlier immunofluorescence analysis suggested that nuclear foci of 53BP1, which form after hydroxyurea treatment, correspond to sites of replication stress (29) . In contrast, Yoo et al. reported that although 53BP1 relocalizes within the nucleus to form distinct foci following treatment with the topoisomerase I inhibitor camptothecin, these foci do not colocalize with RPA (51) . We found that 53BP1 showed partial colocalization with areas of RPA staining in nuclei following HU treatment, supporting the idea that 53BP1 is recruited to a subset of replication forks following replication stress. As cells in early S phase show sustained ␥-H2AX staining and a failure to progress after HU treatment, it is tempting to infer that 53BP1 protects forks emanating from early-firing replication origins, which are usually contained within gene-dense, open chromatin regions (54) . Alternatively, 53BP1 may localize to replication origins in heterochromatic regions, which are late firing, stabilizing them or preventing them from firing during periods of replication stress. 53BP1 has been reported to act in repair of heterochromatic DSBs (55, 56) , and a role in protecting underreplicated regions has been inferred from the appearance of G 1 nuclear bodies staining positively for 53BP1 in cells after HU treatment (27, 28) .
53BP1 has no known enzymatic activities and is considered to influence genomic integrity through chromatin effects or by interactions with other proteins in the nucleus. We and others have observed that 53BP1 recruitment limits the extent of resection of DSBs, potentially by blocking cellular activities that generate singlestranded DNA overhangs (23, (57) (58) (59) (60) (61) . By establishing a chromatin environment that is refractory to resection, 53BP1 is proposed to inhibit repair by homologous recombination and to increase use of the competing nonhomologous end joining (NHEJ) pathway (58) . A similar effect underpins the ability of 53BP1 to limit degradation of nascent replication forks. We found that binding of 53BP1 to newly replicated DNA regions protects stalled forks by limiting the ability of Mre11 to access the nascent DNA (Fig. 8A) . Increased access of Mre11 to newly synthesized DNA appears to account for the fork degradation phenotype we observed in 53BP1 Ϫ/Ϫ cells. 53BP1 has several binding partners, which may mediate its fork protection activity (26) . Alternatively, 53BP1 may act by inducing global changes in the chromatin environment or nuclear position of stalled replication forks. Notably, binding of 53BP1 to the inner nuclear membrane proteins, SUN1 and SUN2, has been reported to contribute to the mobility of DSBs within the nucleus (62, 63) . Timing of replication fork firing is furthermore dependent on nuclear positioning (54) .
53BP1 becomes phosphorylated at an N-terminal site following DNA damage, allowing binding of RIF1 (64) (65) (66) (67) . RIF1 mediates a subset of 53BP1 functions at DSBs (26) , but it has also been shown to participate in S-phase progression and cell survival following exposure to replication stress (68) . As we observed with 53BP1 after replication stress, RIF1 foci associate with a subset of replication regions, potentially those that are close to pericentromeric heterochromatin. RIF1 is a key regulator of timing of replication fork firing; hence, its recruitment to stalled forks is very likely to contribute to the response to replication stress (69, 70) . Surprisingly, our iPOND data did not show a big difference in RIF1 association with replication forks in 53BP1 Ϫ/Ϫ cells (Fig. 6F ). RIF1 may therefore have 53BP1-independent roles in replication. On the other hand, we did observe a consistent enrichment of FANCI at replication sites in 53BP1 Ϫ/Ϫ cells after hydroxyurea treatment. FANCI becomes monoubiquitinated and recruited into distinct nuclear foci following hydroxyurea exposure (71) . ATR-mediated phosphorylation of FANCI at chromatin sites subsequently regulates origin firing and repair of stalled replication forks (41) . Based on our iPOND data, FANCI seems a likely candidate for the cellular response to replication stress in the absence of 53BP1. Further work will, however, be required to determine whether FANCI mediates increased cell death in the absence of 53BP1 or whether its recruitment to stalled forks in 53BP1 Ϫ/Ϫ cells is a mechanism by which the cell compensates for deficient Chk1 activity.
Although the defect in fork protection in 53BP1 Ϫ/Ϫ cells may be sufficient to explain the reduced viability of B cells after replication stress, the absence of 53BP1 is also linked to reduced ATR-Chk1 signaling after HU treatment. Loss of ATR-Chk1 signaling is known to be incompatible with cell survival, as has been shown by genetic studies with mice lacking either ATR or Chk1 (16) (17) (18) (19) . Targeting ATR or Chk1 has also emerged as a promising target for cancer therapy, based on the ability of inhibitors of these kinases to induce cytotoxicity by preventing appropriate responses to replication stress (72) . Activated ATR and Chk1 stabilize replication forks, and inhibition of ATR signaling leads to fork collapse and CtIP/Mre11-mediated nucleolytic targeting of nascent DNA (39, 73) . The defect in ATR signaling associated with loss of 53BP1 under conditions of replication stress may therefore account for the fork protection defect, even independently of any role of 53BP1 in repressing activity of Mre11 at the stalled fork. We favor a model in which 53BP1 is recruited to stalled replication forks, where it inhibits fork degradation, and promotes fork stabilization and repair by activation of Chk1 (Fig. 8C) . This model is supported by previous work demonstrating coimmunoprecipitation of 53BP1 and TopBP1 and colocalization of these factors following ionizing radiation (74, 75) . As 53BP1 shows variable expression in tumor cells (76, 77) , a role as an adaptor mediating the response to replication stress would be likely to affect the rate of malignant cell growth and warrants further study as a potential therapeutic target.
MATERIALS AND METHODS
Animal experiments. All mice (22) were housed in an exclusion barrier facility under protocol 12-024 from the Rutgers Institutional Animal Care and Use Committee (IACUC). B cell culture. Resting primary B cells were isolated from mouse spleen using ammonium-chloridepotassium (ACK) lysis of erythrocytes and negative selection using anti-CD43 magnetically activated cell sorting (MACS) microbeads (Miltenyi). Isolated B cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS), penicillin-streptomycin, minimum essential medium (MEM) nonessential amino acids, sodium pyruvate, 2-mercaptoethanol, and 10 mM HEPES. B cells were activated with 25 g/ml of lipopolysaccharide (LPS; L2630; Sigma-Aldrich) and 50 U/ml of interleukin 4 (IL-4; I1020, Sigma-Aldrich) for 24 to 72 h.
Western blotting and immunofluorescence. For Western blotting, primary antibodies to the following proteins were used: 53BP1 (Novus; NB100-304), ␥-tubulin (Sigma-Aldrich), p53 (CST; 2524S), p53-pSer15 (CST; 9284S), CHK1-pSer345 (CST; 2341S), pan-CHK1 (Santa Cruz; sc-8408), RPA32-pSer4/8 (Bethyl; A300-245A), RPA2-pSer33 (Novus; NB100-544), pan-RPA32 (CST; 2208S), KAP1-pSer824 (Bethyl; A300-767A), pan-KAP1 (Abcam; ab10484), and cleaved caspase 3 (CST; 9661T).
For immunofluorescence, B cells were treated with 10 M EdU for 10 min. After EdU was washed out, the cells for the nontreated sample were directly harvested, and the cells for the HU-treated sample were incubated with 2 mM hydroxyurea for 2 h before harvest. Collected B cells were attached to slides using CellTak (Corning) and preextracted with ice-cold Triton X-100 buffer (20 mM HEPES-KOH [pH7.5], 50 mM NaCl, 3 mM MgCl 2 , 0.5% Triton X-100, 300 mM sucrose). Cells were fixed with 3% formaldehyde in phosphate-buffered saline (PBS) with 2% sucrose for 10 min, permeabilized in 0.5% Triton X-100 in PBS for 10 min, and incubated with antibodies. Primary antibodies used were antibodies to RPA32 (CST; 2208S), 53BP1 (Novus; NB100-304), and TopBP1 (Abcam; ab2402). After the binding of secondary antibody, EdU-positive cells were labeled with the Click-iT EdU Alexa Fluor 647 imaging kit. Cells were counterstained with 4=,6-diamidino-2-phenylindole (DAPI) and imaged using a Leica TCS SP5 II confocal microscope. More than 100 cells were analyzed using Leica Application Suite Advanced Fluorescence software for each experiment, using settings of 50% for threshold and 30% for background in the RPA/53BP1 and 50% for threshold and 40% for background in the RPA/TopBP1 channels.
Flow cytometry. For the cell survival assay and caspase assay, B cells were cultured for 24 h and treated with a replication stress agent (4 mM hydroxyurea, 40 M aphidicolin, or 250 nM gemcitabine; all from Sigma-Aldrich) for the desired times, subsequently washed, and allowed to recover for 0 to 24 h at 37°C. Cell survival was assayed by propidium iodide (PI) exclusion, and caspase was measured using a CellEvent caspase 3/7 green kit (Invitrogen; R37111). Cytometry was performed using a BD FACSCalibur running CellQuest with analysis in FlowJo. For analysis of ␥-H2AX recovery, B cells cultured for 48 h were incubated in the presence of 2 mM hydroxyurea for 2 h, washed twice with PBS, and recovered for the desired time. Fixation was carried out with ice-cold methanol for 20 min, and ␥-H2AX (Millipore; 05-636) antibody was used. DNA content was analyzed using PI. For checking the cell cycle profile following replication stress, B cells were labeled with 50 M EdU for 1 h and treated with 2 mM hydroxyurea for 2 h. After removal of hydroxyurea, cells were released for 2 or 6 h and fixed with 70% ethanol. EdU was detected using the Click-iT EdU Alexa Fluor 647 imaging kit. Cells were stained with PI to measure DNA content.
DNA combing. B cells were cultured for 48 h under activating conditions with LPS and IL-4. To measure the relative stability of nascent DNA after replication stress, cells were incubated with 25 M 5-iododeoxyuridine (IdU; I7125; Sigma-Aldrich) for 20 min, followed by 20 min of incubation with 250 M 5-chlorodeoxyuridine (CldU; C6891; Sigma-Aldrich). Cells were subsequently treated with 2 mM hydroxyurea for 2 h. In the case of mirin treatment, cells were treated with 50 M mirin from the start of IdU treatment to the end of HU treatment. To examine fork length and elongation after replication stress, cells were labeled with 25 M CldU for 20 min, then treated with 2 mM hydroxyurea for 2 h, followed by incubation with 250 M IdU. DNA fiber spreads were prepared and analyzed by immunofluorescence as previously described (78) . Briefly, the cell suspension was lysed with lysis buffer consisting of 50 mM EDTA and 0.5% SDS in 200 mM Tris-HCl (pH 7.5) for 2 min on a microscope slide. DNA fibers were prepared by tilting the slide and fixing it with methanol-acetic acid solution (3:1) for 10 min. After denaturation in 2.5 M HCl for 80 min, DNA fibers were stained with the following antibodies: anti-BrdU (rat; Abcam; ab6326) for IdU, anti-BrdU (mouse; BD; 347580) for CldU, and goat anti-rat antibody-Alexa Fluor 488 and sheep anti-mouse antibody-Alexa Fluor 555. Approximately 300 fiber lengths were analyzed per genotype in three independent experiments by measuring the lengths of IdU-and CldU-labeled tracts using ImageJ software (http://rsbweb.nih.gov/ij/).
Neutral comet assay. Forty-eight hours after isolation, B cells were treated with 4 mM HU for 3 h or 1 M camptothecin (CPT) for 1 h. Harvested cells were analyzed according to Trevigen's instructions for the neutral comet assay. Staining was done with SYBR gold, and image acquisition was done with a Nikon Eclipse E800 epifluorescence microscope using a 20ϫ objective.
Colony formation assay. One day after plating of each MEF lines, cells were treated with indicated concentrations of HU. After 10 days of incubation, cells were fixed with ice-cold methanol and stained with crystal violet. Dried colonies were counted for analysis.
iPOND. iPOND was performed as previously described (79) . In brief, 5 ϫ 10 7 293T cells were plated for each condition 1 day before EdU incubation. In the case of B cells, 8 ϫ 10 7 cells were isolated from mouse spleen for each condition 2 days before EdU incubation. Cells were pulsed with 10 M EdU for 10 min. Nontreated (NT) cells were harvested immediately after EdU treatment. For HU treatment, 2 mM hydroxyurea was added to the medium for 2 h, followed by EdU removal and washing. Cells were fixed with 1% formaldehyde in PBS for 20 min and quenched by adding 1.25 M glycine. Then cells were permeabilized with 0.25% Triton X-100 in PBS for 30 min and subsequently subjected to a click reaction with biotin-azide (Invitrogen) for 2 h. After lysis with 1% SDS in 50 mM Tris (pH 8) and sonication, biotin-EdU-labeled DNA was incubated with streptavidin-agarose beads at 4°C for 20 h. The beads were washed with lysis buffer and 1 M NaCl and eluted with 2ϫ NuPAGE LDS sample buffer containing 0.2 M dithiothreitol (DTT).
Mass spectrometry. iPOND samples were subject to in-gel trypsin digestion followed by liquid chromatography-tandem mass spectrometry (LC-MS/MS). Samples were first run ϳ1 cm into a Novex gel (10%; Thermo Fisher). The entire gel plug was subjected to a standard in-gel digestion procedure, including reduction of disulfide bonds with 10 mM DTT for 30 min at 60°C, alkylation of free sulfhydryls with 20 mM iodoacetamide for 45 min at room temperature in the dark, and digestion with trypsin (sequencing grade; Thermo Scientific; catalog number 90058) overnight at 37°C. Peptides were extracted from the gel with 5% formic acid-60% acetonitrile and dried under vacuum. Peptide samples were analyzed by nano-LC-MS/MS (Dionex Ultimate 3000 RLSC nanosystem interfaced with Q Exactive HF [Thermo Fisher, San Jose, CA]). Samples were loaded onto a self-packed 100-m by 2-cm trap (Magic C18AQ; 5 m and 200 Å; Michrom Bioresources, Inc.) and washed with buffer A (0.1% trifluoroacetic acid) for 5 min at a flow rate of 10 l/min. The trap was brought in-line with the analytical column (self-packed Magic C18AQ; 3 m and 200 Å; 75 m by 50 cm), and peptides were fractionated at 300 nl/min using a segmented linear gradient of 4 to 15% solution A in 30 min (solution A, 0.2% formic acid; solution B, 0.16% formic acid-80% acetonitrile), 15 to 25% solution B in 40 min, 25 to 50% solution B in 44 min, and 50 to 90% solution B in 11 min. Mass spectrometry data were acquired using a data-dependent acquisition procedure with a cyclic series of a full scan with a resolution of 120,000, followed by MS/MS (higher-energy C-trap dissociation; relative collision energy, 27%) of the 20 most intense ions and a dynamic exclusion duration of 20 s. LC-MS/MS peak lists (.mgf files) were generated using Thermo Proteome Discoverer v. 2.1 and searched against the human Ensembl database (v. 89) plus a database of common laboratory contaminants using an in-house version of the GPM software package containing the X!Tandem Alanine (2017.2.1.4) search engine. Search parameters were as follows: fragment mass error, 20 ppm; parent mass error, 7 ppm; fixed modification, carbamidomethylation on cysteine; potential modifications during initial search, methionine oxidation and acetylation on protein N termini; and up to one missed tryptic cleavage during the initial search and up to three missed cleavages during refinement. Potential modifications during refinement were as follows: pass 1, monoxidation at methionine and tryptophan and deamidation at asparagine and glutamine, and pass 2, dioxidation at methionine and tryptophan. Maximum valid expectation scores for proteins and peptides were 0.0001 and 0.01, respectively.
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